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I 
摘 要 
 在光纤传感系统中，微弱传感信号和高频传感信号的精确检测一直是研究的
热点。微弱的光纤传感信号易受到检测仪器的本底噪声或者外界环境的干扰，经
常淹没在噪声中，此时无法对微小传感变量进行精确判断。现今提高光纤传感器
系统检测精度的方法大都为对光纤传感器的结构进行改进或对传感信号进行时
域的降噪处理。在结构改进方面可以采用低噪声高放大倍数的光电转换电路或在
解调系统中引入干涉仪等，但这些方式都会增加的传感系统的成本及复杂度，特
别是干涉仪的引用还会降低系统的抗干扰性。对传感信号进行降噪处理如采用小
波变换，神经网络和相关检测等算法提升系统传感精度的范围有限，而且算法繁
琐降噪过程比较耗时，不适合光纤传感系统实时监测的要求。论文针对差分光谱
吸收型的光纤气体检测系统、基于FBG的高精度振动传感系统、基于相移光纤
Bragg光栅(PS-FBG)的抗干扰型水下超声检测系统和FBG阵列的高频应变解调系
统等四个光纤传感系统在实际应用中遇到的问题,运用频谱分析技术提高了光纤
传感系统的精度和稳定性。本文通过研究光纤传感信号和噪声在频谱特性、统计
特征等方面的规律，根据信号功率谱的特性和幅频特性对微弱信号和高频信号进
行辩识，为检测和预测提供了可靠依据。系统检测结果显示应用频谱分析技术的
将光谱吸收型气体传感系统的精度提升了1个数量级，将光纤Bragg光栅振动传感
器的精度提升了2个数量级，特别是频谱分析中的噪声基底修正算法大大提升了
光纤传感系统的可靠性和抗干扰性。具体研究内容分为以下几个方面： 
一、将频谱分析技术运用在气体吸收光谱的检测上，提出了吸收光谱频域标
定（ASFD）算法。ASFD 算法对乙炔气体吸收光谱进行傅里叶变换后，在频域
采用气体吸收特征分量的幅值来标定气体浓度。基于差分吸收光谱型（DOAS）
原理的光纤气体检测技术需要对光谱进行冗繁的波长校准和降噪的预处理。
ASFD 算法克服了由光谱背景噪声和波长偏移对微量气体检测带来的干扰,特别
是 Window-ASFD 算法进一步提高了微量气体检测的精确度和抗干扰能力，将微
量 100ppm 浓度乙炔气体检测的不确定度降低到 10.6%，适用于对微量的乙炔气
体进行实时监测。 
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二、利用频谱叠加的 ASFD 算法提高了系统的检测极限。DOAS 技术的检测
极限主要受到吸收光谱背景噪声的影响，本文对 DOAS 检测系统噪声的来源以
及它们在频谱上的分布形态做了深入分析。基于 ASFD 算法从频域角度分析吸收
光谱，首先去除检测系统中的有色噪声，然后配合频域叠加的处理可以降低系统
白噪声的影响。该算法将系统的检测极限提升了 1 个数量级为 50ppm。 
三、利用平均周期图法提高光纤 Bragg 光栅振动传感器的检测精度。FBG 用
于微弱振动检测时，当被测振动比较微弱时从时域采集的数据很难直接测得到信
号的幅度和频率信息。本文将传感器在时域测量获得的连续数据分段后，对每段
数据分别进行快速傅里叶变换获得其对应的功率谱信号，然后将频域信号做叠加
平均得到新的数据。实验结果表明，采用这种频域叠加平均的方法处理后，FBG
传感信号在频域的信噪比提高了 15.6 dB，明显提升了微弱信号的检测能力。检
测结果表明该系统对 FBG 波长变化的检测灵敏度可提高到 1.5fm。平均周期图法
特别适合噪声环境恶劣、被测信号以一定频率持续存在的工程应用领域，对实际
环境下微小振动的识别与检测具有较大的意义。 
   四、 研究了基于相移光纤 Bragg 光栅的抗干扰型水声探测器，采用 PS-FBG
传感探头和高效的频谱估计信号处理方法来提高强度调制型 FBG 水声探测器的
灵敏度。特别是在考虑噪声基底的情况下对水下超声声场分布强度参数进行了校
正，使得检测的不确定度降低到 3%以下，提高了水声探测系统对水下环境噪声
的适应性。这款低成本的 FBG 水声探测器具有高灵敏度、在复杂的水下环境长
期保持稳定等优势。 
   五、设计了一个新颖的针对 FBG 阵列高频应变的解调方案。可调谐法布里-
珀罗滤波器作为多路复用解调器，低频匀速扫描 FBG 阵列的波长范围，可以解
调出超声波段的高频应变信号。对比现有的基于可调谐法布里-珀罗滤波器的解
调 FBG 阵列技术所需的复杂解调结构和繁冗解调算法，该设计结构简单，不需
要配合温控系统或者精密驱动装置。由于解调 FBG 阵列的过程中不需要寻找
FBG 的最佳工作点，所以系统的可靠性能得到增强。应用频谱分析技术可以实
时的对 FBG 阵列的高频应变进行精确检测。解调信号的频谱中出现的微多普勒
现象可以用来提取可调谐法布里-珀罗滤波器非线性特性或提高振动过程细节信
息的识别能力。 
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Abstract 
  The weak and high-frequency optical fiber sensor signal detection is a research 
hot spot. The optical fiber sensor signal is affect by some external disturbance such as 
temperature or vibration. The weak sensor signal is always drown in the background 
noise. The improvemence of the fiber sensor structure or some denoise signal 
processings in time domain can enhance the accuracy of the fiber sensor system. A 
low-noise photoelectric circuit or an interferometer can be introduced in the sensing 
system, but these equipments could increase the cost of the sensing system, and an 
interferometer would also reduce the system anti-interference ability. The denoise 
signal processing  in time domain such as wavelet transform, neural networks and 
correlation detection algorithms are complexity and time-consumed, which are not 
meet the real-time monitor requirememt. In this paper the spectral analysis technology 
is used to improve the accuracy and stability of the optical fiber sensing system such 
as fiber gas sensor based on Differential Optical Absorption Spectroscopy (DOAS) 
system, highly sensitive FBG vibration sensor system, ultrasound hydrophone system 
and the FBG array dynamic strain measurement interrogation system. By studying the 
statistical characteristics of the sensing signal and the noise in the power spectrum, the 
results show that the accuracy are improved by 1 to 2 orders of magnitude by the 
application of spectral analysis technique, especially the performance of sensor as 
stability and linear are enhanced by the noise correction technique. The major results 
of this thesis are summarized as follows. 
1. An algorithm for C2H2 continuous monitoring based on DOAS technique is 
proposed. Some factors such as the background noise and the spectrum shift produce 
significant error in DOAS technique. In this Absorption Spectroscopy Frequency 
Domain (ASFD) algorithm, the gas concentration can be accurately retrieved by 
focusing on the gas absorption spectrum analysis from frequency domain perspective. 
Two major improvements are presented in this algorithm. First, the 1/f noise and the 
interaction noise which account for background noise can be neglected. Second, the 
pre-process to calibrate the absolute wavelength can be skipped without a perceptible 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Abstract 
V 
loss of accuracy. The improved algorithm Window-ASFDA has the highest accuracy 
with the maximum retrieve deviation in 100 ppm sample-as low as 10.6%. Without 
the pre-process of spectra calibration and de-noising, the algorithm is fast in 
computing and has a capability of real-time spectrum analysis with high- accuracy.   
2. We presented an improved algorithm designed specifically for weak C2H2 
detection. The weak concentration can be accurately calculated by focusing the 
absorption spectrum from the frequency domain perspective. Not only some 
time-consumed spectral preprocessing spectrum calibration as which is required in 
DOAS technique can be reduced in this algorithm, but also the influence of the noise 
on the minimum detectable was greatly improved by the spectrum average method. 
With the example gas of C2H2, experimental results showed that the algorithm have 
the detection limit of 50 ppm at a light path length of 0.2 m. 
3. FBG sensor can be adopted to monitor the micro-vibration in harsh 
environment. The micro-vibration cannot be detected from FBG sensor signal. The 
Averaged Periodogram Method is used to improve the sensitive. It divide the signal 
into N segments，Fast Friour transform (FFT)) is performed on each data segments, 
then averaging the N power spectrum to get the new power evaluation. The primary 
results showed 15.6 dB SNR is improved in frequency domain after the treatment 
with Averaged Periodogram Method and the FBG detection sensitivity is up to 1.5*fm. 
This high-accuracy sensor can be used in sustained vibration detection in structural 
health monitoring. It is important to increase the detection accuracy of the 
micro-vibration. 
4. A highly-sensitive ultrasonic hydrophone based on pi-phase-shifted fiber Bragg 
grating (PS-FBG) has been proposed and experimentally demonstrated. This optical 
hydrophone exploits FBG-intensity modulation principle of operation, and the signal 
processing techniques such as spectral analysis technology is used in this paper to 
improve the performances. The noise floor correction technology can keep long-term 
stability with the overall deviations less than 3% in the weak acoustic signal detection. 
This hydrophone contributes many desirable features including low-cost design, 
extremely high-sensitivity, widely frequency response range. 
5. We present an approach that allows for Multiplexing interrogation the high- 
frequency strain measurement of FBG sensors array. The multiplexing demodulator, a 
tunable Fabry-Perot filter, scan across the entire wavelength range occupied by the 
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FBG array less then 2nm/s, the dynamic strain signal up to tens of thousands Hz of 
each FBG sensor in array can be demodulated, respectively. Compared to the existing 
multiplexed FBG array interrogation techniques which required complexity structure 
or complicated algorithm, this design combines some desirable qualities including 
simple structures, concise algorithm and long term reliability. Some detail information 
of the FBGs vibration is confirmed by micro-Doppler effect in interrogation.  
 
 
Keywords: Weak signal detection; Differential Optical Absorption Spectroscopy; 
Fiber bragg grating; Fabry-Perol filter; Fast Fourier Transform; Averaged 
periodogram method
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